In situ and real-time optical microscopic observations of pit initiation process on a commercial Type 304 stainless steel with low-sulfur content (0.004 mass%) were performed in 3 M NaCl solution at 298 K. MnS inclusions with diameters of ca. 1 µm were found to act as the initiation sites of pitting, as was the case in a re-sulfurized Type 304 stainless steel (0.027 mass%). The pit was initiated at the boundary between the MnS inclusion and the steel matrix, and grew with time. After a few seconds, no visible change was observed for 1 s, even though the anodic current was measured, suggesting that the steel dissolution proceeded in the depth direction. After that, a small hole suddenly appeared on the steel surface. The hole widened with time, steadily becoming a large stable pit. This pit initiation process in the low-sulfur stainless steel is much like that found in the re-sulfurized stainless steel.
Introduction
Stainless steels are successfully applied in various corrosion environments, but pitting corrosion caused by chloride ions sometimes occurs. 1, 2) Pitting has long been investigated; however, the initiation process is still unclear.
Sulfide inclusions such as MnS are thought to be initiation sites for pitting in stainless steels.
312) Re-sulfurized stainless steels with large MnS inclusions (ca. 20 µm) have generally been used as model samples in investigations of pitting, and the anodic dissolution of the MnS inclusions was derived as a significant factor in pit initiation. 312) In our previous works, 13, 14) it was elucidated that the MnS dissolution in chloride containing solutions leads to the deposition of elemental sulfur around the inclusions, and the steel matrix close to the inclusions dissolves due to the synergistic effect of elemental sulfur and chloride ions, resulting in the formation of a trench (micro-crevice) at the boundary between the inclusions and the steel matrix. It was also demonstrated that a stable pit was initiated in the trench, and in the initial stage of the stable pitting, the dissolution proceeded in the depth direction with no change in the surface appearance of the pit. After that, the pit opening widened, and then one large stable pit was formed at the MnS inclusions in re-sulfurized stainless steels. 13) Nowadays, low-sulfur level is achievable in melt refining processes combined with the addition of proper fluxes in the industrial production of stainless steels. To improve the pitting corrosion resistance of stainless steels, the sulfur content of commercial stainless steels is suppressed, so that the MnS inclusions are typically smaller than 1 µm. It is well known that when the MnS inclusions are less than 1 µm in diameter, it is rare for them to act as the initiation sites of pitting. 5, 15) Two questions have yet to be answered with regard to the commercial stainless steels with low-sulfur content; the exact initiation sites of pitting have not been clear, and the initiation process of pitting has not been explained.
Recently, we developed a technique that enables the microscopic in situ high-resolution observation of electrode surface under electrochemical control. 13) This technique provides successive images (30 frames/s) of the pit initiation process with a lateral resolution of around 350 nm. This technique effectively reveals the mechanism of pitting. In this study, real-time microscopic in situ observations of pit initiation process on a commercial Type 304 stainless steel were preformed in 3 M NaCl solution. To our knowledge, this is the first report in which the pit initiation site and process of pitting are demonstrated for commercial stainless steels with low-sulfur content (0.004 mass%).
Experimental Procedure

Specimen and electrolyte
The specimens used in this study were prepared from two commercial Type 304 stainless steels; one was a low-sulfur steel and the other was a re-sulfurized steel. The low-sulfur steel was a cold-rolled plate with 0.6 mm in thickness (millannealed), and the re-sulfurized steel was a hot-rolled bar with a diameter of 23 mm. The chemical compositions of the steels are listed in Table 1 . The sulfur content of the low-sulfur steel is 0.004 mass%, indicating that the number and the size of sulfide inclusions were suppressed. The re-sulfurized steel was of a free-machining grade with an extremely high sulfur content (0.027 mass%). The low-sulfur steel was used as received. The re-sulfurized steel was heat-treated at 1353 K for 0.5 h and then quenched in water. The steels were cut into 15 © 20 mm coupons parallel to the rolling directions. Before taking measurements, the specimens were mechanically ground with SiC paper through a 1500 grit, finished with 1 µm diamond paste, and finally cleaned ultrasonically with ethanol. Since the color of the non-metallic inclusions are darker than that of the steel matrixes, they are clearly visible in the as-polished condition without etching.
Electrochemical measurements were performed in 3 M NaCl solution prepared from deionized water and analytical grade NaCl. The pH of the solution was 5.1. All the measurements were conducted at 298 K under naturally aerated conditions.
Macroscopic polarization measurements
Potentiodynamic measurements with the scan rate of 3.8 © 10 ¹4 V s ¹1 (23 mV min ¹1 ) were taken. With the exception of the electrode area (ca. 10 © 10 mm), the surface of the specimen was coated with an epoxy resin (AR-R30, Nichiban) and subsequently with paraffin. The measurements were performed in a conventional three-electrode cell; the counter electrode was a platinum plate and the reference electrode was an Ag/AgCl (3.33 M KCl) electrode. All potentials cited in this work refer to the Ag/AgCl (3.33 M KCl) electrode (0.206 V vs. standard hydrogen electrode at 298 K).
In situ observation under electrochemical control
Microelectrochemical measurements were carried out under in situ and high-resolution optical microscopic observation of the electrode surface. This method has been described in detail elsewhere. 13, 14) During the microelectrochemical measurements, the micro-scale electrode surface was observed by an optical microscope (BX51M, Olympus) with a water immersion objective lens (LUMPlanFL N 60XW, Olympus) with a magnification of 60. Both the lens and the specimen surface were immersed in the solution. The theoretical lateral resolution is around 350 nm. Potentiostatic polarization was performed at 0.4 V.
Inclusion characterization
A JEOL JSM-7100F/JED-2300 scanning electron microscope (SEM) equipped with an energy-dispersive X-ray spectroscopy (EDS) system was employed to observe the surface of the inclusions and analyze the compositions; an accelerating voltage of 20 kV was utilized. Figure 1 shows the morphology of the inclusions in the low-sulfur steel and EDS spectra taken on the inclusions. The relative compositions of manganese, sulfur, chromium, iron, nickel, and oxygen are listed in Table 2 . The Mn and S peaks can be attributed to the inclusions, and the Fe, Cr, and Ni peaks came from the steel matrix since the inclusions were smaller than the spread volume of the incident electron. The atomic ratio of Mn and S was about 1 : 1, indicating that the inclusions in the low-sulfur steel were MnS.
Results and Discussions
Inclusion characterization
Pitting potentials of stainless steels
In order to compare the pitting corrosion resistance of the stainless steels, their anodic polarization curves were taken in 3 M NaCl. Figure 2(a) shows the macroscopic anodic polarization curves of the low-sulfur and re-sulfurized stainless steels. Sharp increases in current densities, which indicate the initiation of stable pitting, were measured at ca. 0.3 V in both steels. It should be noted that the pitting potentials of two stainless steels were almost the same despite the difference in their sulfur contents. Figures 2(b) and 2(c) indicate the stable pits generated on the steels. In the case of the re-sulfurized stainless steel, it is clear that the stable pit was initiated at the MnS inclusion. While a stable pit was also generated on the low-sulfur stainless steel, it was unclear where the pit was initiated. The relationship between the inclusions and pitting was also unclear. Since the pitting potentials of the two stainless steels were the same, it is likely that the stable pit was initiated at the MnS inclusions in the low-sulfur stainless steel as well. Microscopic in situ highresolution observation is necessary to clarify the initiation site for pitting on the low-sulfur stainless steel.
Pit initiation process of low-sulfur stainless steel
To elucidate the initiation site and process of pitting on the low-sulfur stainless steel, in situ optical microscopic observations were carried out in 3 M NaCl. The steel surface was masked with the exception of ca. 200 µm © 220 µm, and the entire surface of the electrode area was observed using a water immersion objective lens with a magnification of 60. The specimen was potentiostatically polarized at 0.4 V (13 s), which is higher than the pitting potential measured in 3 M NaCl (Fig. 2(a) ), in order to induce the pit initiation reliably. In this experiment, the current density sharply increased after 1.5 s from 0.0235 to 21.3 A m
¹2
. Figure 3 shows the optical microscope images of the micro-scale electrode area taken in 3 M NaCl solution before and after the potentiostatic polarization. In Fig. 3(a) , it is confirmed that the electrode area contained the MnS inclusions with diameters of ca. 1 µm (marked by the arrows in Fig. 3(a) ). After the polarization, two stable pits were initiated; these were named Pit 1 and Pit 2, seen in Fig. 3(b) . Figure 4 exhibits the initiation process of the stable pit marked by "Pit 1". The image presented in Fig. 4(a) is the surface appearance at the starting point of the polarization (0 s). There were five small MnS inclusions at the center of the image. As seen in Fig. 4(b) (1 s) , no change in the surface appearance occurred at the beginning of the polarization. After 1.5 s, at the places marked by the arrows, the dark areas expanded, suggesting that the inclusion dissolution and/or small pits were initiated at the small MnS inclusions. From 1.5 to 3.5 s, the dark areas grew steadily. On the basis of the appearance after 2.5 s, with a bright spot observed at the center of the dark areas, it was assumed that these dark areas were small pits. The bright spot at the center is a feature In situ optical microscope images of the pit initiation process of "Pit 1" in Fig. 3(b) . The values in the images indicate the current density of the electrode area.
of the optical micrograph of a round pit. As shown in Figs. 4(c)(i), these two pits increased in size with time from 1.5 to 3.5 s, but no change was observed from 3.5 to 4.5 s, even though the current density, at around 100 A m ¹2 , indicated that dissolution continued in this period. It was therefore most likely that the dissolution proceeded in the depth direction. This would induce the decrease in pH and the increase in chloride concentration inside the pits due to the hydrolysis reaction of metal ions and the electromigration of chloride ions. In this period, the corrosivity inside the pits probably exceeded the critical value for autocatalytic pit growth. At 5 and 5.5 s, small holes suddenly appeared at the sites marked by the arrows in Figs. 4(j) and 4(k), and these holes grew with time, resulting in one large stable pit marked "Pit 1" in Fig. 3(b) . In the initiation process of pitting observed in this study, the openings widened after 5 s. While the inside solution of the pits became exposed to the bulk solution, it would appear that the corrosivity inside the pits already increased sufficiently to sustain the active dissolution inside the pits. The acidification and chloride accumulation step were found to exist in the pit initiation process of stainless steels. This step also exists in the pitting of resulfurized stainless steels. 13) In addition to the above, from the observation in this study, it was confirmed that stable pits were initiated at the MnS inclusions with diameters as small as ca. 1 µm in the low-sulfur stainless steel. The stable pit marked as "Pit 2" was also initiated at an MnS inclusion with a diameter of ca. 1 µm. All the pits observed in this experiment were initiated at MnS inclusions. Figure 5 displays the enlarged optical microscope images of "Pit 1" just before and after the initiation (the same images shown in Figs. 4(b) and 4(c) ). In Fig. 5(c) , the outlines of the MnS inclusion and the dark area extracted from Figs. 5(a) and 5(b) were placed over the image in Fig. 5(b) in order to clarify the initiation site of the pitting. From Fig. 5(c) and the comparison between Figs. 5(a) and 5(b), it was clear that the initiation of pitting took place at the boundary between the MnS inclusion and the steel matrix. This initiation behavior was the same as that in re-sulfurized stainless steels. 13, 14) The pit initiation process at the MnS inclusions with diameters of ca. 1 µm in the low-sulfur stainless steel is much the same as that at the MnS inclusions of about 20 µm elongated in the rolling direction in re-sulfurized stainless steels. 13, 14) This means that the pit initiation mechanism, the synergistic effect of elemental sulfur and chloride ions, elucidated using re-sulfurized stainless steels 14) is applicable to that of commercial Type 304 stainless steels with lowsulfur content. The results of this study indicate that it is reasonable to use re-sulfurized stainless steels to investigate ways to improve the pitting corrosion resistance of stainless steels.
Conclusions
(1) The low-sulfur Type 304 stainless steel (S: 0.004 mass%) contained MnS inclusions with diameters of ca. 1 µm. It was found that the MnS inclusions of 1 µm in diameter act as the initiation sites of pitting, just as the large MnS inclusions are the pit initiation sites in the re-sulfurized Type 304 stainless steel (S: 0.0265 mass%). (2) The pit was initiated at the boundary between the MnS inclusion and the steel matrix, and grew with time.
Since no change in the appearance was observed between 3.5 and 4.5 s despite the rather high anodic current, it was assumed that the steel dissolution proceeded in the depth direction. After that, a small hole suddenly appeared on the steel surface. The hole expanded with time and became a large stable pit. This pit initiation process in the low-sulfur steel was the same as that of the re-sulfurized steels.
